Abbreviations
=============

ALT

:   alternative lengthening of telomeres

DDR

:   DNA damage response

DSB

:   double-strand break

FPC

:   fork protection complex

HR

:   homologous recombination

ICL

:   interstrand crosslink

MMR

:   mismatch repair

NER

:   nucleotide excision repair

NJEH

:   non-homologous end joining

TIF

:   telomere dysfunction-induced focus

Introduction {#s0001}
============

Cells experience a wide variety of DNA damage lesions, which can occur as often as 10,000 times per day.[@cit0001] These lesions interfere with DNA replication, transcription, and genome integrity; therefore, the damage must be repaired to ensure homeostasis and the prevention of disease. The DNA damage response (DDR), which entails both recruitment of DNA repair enzymes and the activation of checkpoints to effect cell cycle arrest, is essential for maintenance of genomic integrity. Defects in the DDR are implicated in several diseases, including cancer, neurodegenerative disease, and immune dysfunction (**Table 1**).[@cit0001] There is a wide variety of DNA damage lesions but a limited number of repair pathways and an even smaller number of checkpoint pathways. Therefore, lesion-specific initiating events must be channeled into these repair and checkpoint pathways. Here, we review the initial recognition and processing events that occur in DNA repair pathways. These processes are highly conserved, and unless stated, all processes described occur in mammalian systems. We will not focus on the downstream events, which are described in detail in other excellent reviews.[@cit0001]

The Early Events of a DNA Damage Response {#s0002}
=========================================

In all contexts, initiation of the DNA damage response requires the same general steps.

Recognition: The first step is recognition of the lesion. Importantly, there is an enormous variety of potential lesions and the cell requires mechanisms to recognize all of these lesions as DNA damage. The cell must therefore contain factors that recognize, bind, or interact with damaged DNA more tightly than with normal DNA, which is in vast excess.

Recruitment of repair and checkpoint proteins: Next, DNA damage repair and checkpoint response proteins must be recruited to the site of the lesion. This occurs either through recruitment by recognition proteins to the lesion or by recognition of structures at the site of the lesion by the repair proteins themselves.

Processing: Often, primary lesions are not able to initiate the repair and checkpoint response themselves. In these cases, primary lesions are processed to structures that are recognized by other DNA damage response proteins. Indeed, because of the wide variety of lesions and the small number of DNA damage responses, it has been proposed that there is a common processing intermediate that is able to initiate the DNA damage response.[@cit0003]

Checkpoint activation: Checkpoint activation occurs after the recruitment of checkpoint proteins to a particular structure. It is often assumed that checkpoint activation begins upon establishment of the lesion and ceases upon the completion of repair. The repair process, however, most likely destroys the structure required for checkpoint activation, in which case activation of the checkpoint would cease upon the initiation, rather than the completion, of repair. Note that the requirements for the recruitment of repair enzymes and checkpoint proteins may be different, thus processing of lesions may be required for both to occur efficiently.

Repair: There are 2 main modes of repair. The first involves lesions that affect one DNA strand; repair of these lesions involves excision of the lesion and resynthesis of the damaged DNA using the undamaged complementary strand. The other mechanism is double-stranded DNA break (DSB) repair, either by homologous recombination (HR) or non-homologous end joining (NHEJ). In HR, DSB resection occurs and DNA is resynthesized using the sister chromatid as a template. Because of the requirement for a sister chromatid, homologous recombination is restricted to S and G2 phases. In G1 phase, DSBs are repaired by NEHJ, but this is not a homology-based process and can result in the joining of non-sister chromatids. Importantly, all intermediates in the processing and repair of lesions represent structures other than a DNA duplex and can be recognized as DNA damage, so repair can begin through one pathway and be shunted into another via a common intermediate.

Here, we will first discuss excision-based pathways and then recombination-based pathways.

Excision-Based Pathways {#s0003}
=======================

Excision-based pathways are used to repair lesions in which the bases are damaged or mismatched but the sugar-phosphate backbone is intact. They entail the resection of damaged or mismatched DNA and the resynthesis of new DNA using the complementary strand as a template. Because it uses the complementary strand and not a sister chromatid, excision repair can occur in any phase of the cell cycle. The initiating events in excision repair are relatively well understood.

Mismatch repair {#s0003-0001}
---------------

Despite the proofreading functions of DNA polymerases, incorrectly paired bases are incorporated at a low frequency. In addition, chemically modified bases can alter base pairing. Mismatch repair (MMR) is a system that removes these mismatched bases in addition to mono-, di-, and trinucleotide insertion/deletion loops (IDLs), which cause expansion and contraction of repeats.

MMR is very well understood in *E. coli*, in which mismatches are detected by MutS. MutS subsequently recruits MutL and MutH, and the mismatched base is excised. In *E. coli*, strand discrimination is based on adenine methylation, as the template strand is methylated whereas methylation of the nascent strand is delayed.[@cit0005]

In eukaryotes, multiple genes encode MutS and MutL homologs. Mismatches are detected by members of the MutS homolog (MSH) protein family, which bind the DNA as heterodimer clamps by recognizing the distortion of the DNA helix resulting from mismatches and IDLs that induce an ∼60° bend. After the formation of a complete ring around the DNA the MSH complex actually dissociates from the lesion and diffuses along the DNA as a sliding clamp. The MSH complex recruits a MutL homolog (MLH) complex, which has endonucleolytic activity and generates nicks in the DNA. From these nicks, the exonuclease EXO1 resects the damaged strand, and polymerases and ligases synthesize new DNA and seal the resulting nick respectively.[@cit0005]

A major question in the MMR field is how the strand with the mismatch is identified in eukaryotes, as eukaryotes do not have the hemimethylation system present in *E. coli*. It was observed that mismatched bases on the lagging strand were more efficiently repaired than those on the leading strand.[@cit0006] Moreover, MLH complexes were shown to make nicks preferentially in strands that already contain nicks, similar to Okazaki fragments of the lagging strand. For the leading strand, it is thought that orientation-specific binding of MLH to PCNA and the asymmetrical endonucleolytic activity of the MLH complex contribute to its ability to nick the nascent strand instead of the template strand.[@cit0005]

Mutations in the MMR genes *MLH1*, *MSH2*, *MSH6*, and other genes result in Lynch syndrome, in which patients are highly susceptible to cancers of the colon, endometrium, ovary, and the upper GI tract. These tumors have relatively normal karyotypes and are instead characterized by microsatellite instability, which results from defective repair of IDLs.[@cit0007]

Base excision repair {#s0003-0002}
--------------------

Base excision repair (BER) removes modified bases, including alkylated bases that are produced by several common therapeutics. In addition, it repairs apurinic/apyrimidinic (AP) sites, the most common spontaneous lesion in cells.[@cit0001] The initiating event in BER involves the recognition and cleavage of the modified base from the sugar by a DNA glycosylase. There are 11 nuclear DNA glycosylases in humans, and each recognizes a group of modified bases and mismatches. Notably, they flip the base out from the DNA before cleaving it from the deoxyribose. This is followed by excision of the backbone by any one of a variety of pathways, which each feed into one of the 2 general forms of BER, short-patch and long-patch repair. In short-patch repair, only a single nucleotide is removed, and the gap is filled by Polβ and ligated by ligase 1 or 3. In long-patch repair, 2--10 nucleotides are removed, and the process requires flap endonuclease 1 (FEN1), PCNA, DNA polymerases β, δ, or ε, and ligase 1.[@cit0008]

Nucleotide excision repair {#s0003-0003}
--------------------------

Bases in DNA are constantly subject to modification by products of metabolism, UV light, and environmental mutagens. These modified bases are removed by nucleotide excision repair (NER). Because of the importance of this pathway for the removal of UV-damaged bases, many of the genes fall into a group of genes that are mutated in xeroderma pigmentosum (XP), a genetic disorder that results in hypersensitivity to UV light and skin tumorigenesis in UV-exposed regions.[@cit0001]

The most common UV-induced lesions are cyclobutane dimers and 4--6 photoproducts. Both distort the double helix and are a physical impediment to DNA and RNA polymerases. Recognition of UV-induced lesions occurs via the XPC--RAD23 or, for cyclobutane dimers, DDB1--DDB2 complexes.[@cit0009] These complexes recognize the destabilization of the DNA helix induced by the lesion and bind to the modified bases. They then recruit several other XP proteins that promote unwinding of the DNA, excision of the damaged strand, and resynthesis.[@cit0010]

RNA polymerase as a detector of DNA damage {#s0003-0004}
------------------------------------------

During transcription, RNA polymerase frequently undergoes stalling as a result of barriers to transcription, which can occur at difficult-to-replicate regions, protein--DNA complexes, and DNA damage lesions that evoke NER.[@cit0011]

It has been known for some time that damage in transcribed regions is more rapidly repaired than damage in other regions and that this occurs specifically on the template strand.[@cit0012] Indeed, RNA polymerase itself is able to detect lesions, and there are also specialized mechanisms that allow for their repair. This is essential, because an impassable lesion in the transcribed region of an essential gene would be disastrous. In addition, upon stalling at a site of damage RNA polymerase could be evicted from a damaged gene, and in a large gene, where the likelihood of damage is high and transcription of a single copy can take several hours, the abortion of transcription is costly.[@cit0013] Furthermore, it has been proposed that RNA polymerase is an ideal detector of DNA damage, because in its stalled state it is bound extremely tightly to the DNA at the lesion.[@cit0014]

The best-understood RNA polymerase-coupled repair process is a modified form of NER called transcription-coupled NER (TC-NER), which differs from NER in non-transcribed regions (global genomic or GG-NER) in the initial events and the proteins required. The unique proteins in TC-NER are CSA and CSB, both of which are mutated in Cockayne syndrome. Patients with Cockayne syndrome exhibit the photosensitivity of XP in addition to progeroid symptoms such as hearing loss, cachexia, cataracts, retinopathy, and neurodegeneration.[@cit0015] CSB has been shown to copurify with RNA polymerase II and to bind more tightly to the stalled polymerase.[@cit0017] CSB recruits CSA to the stalled complex, which is followed by recruitment of NER factors that allow unwinding, excision, and resynthesis. XPC and DDB1/DDB2, which in GG-NER recognize the lesion and recruit the rest of the NER enzymes, are not required for TC-NER; instead, RNA polymerase II is thought to serve the role of these proteins.[@cit0013]

Checkpoint activation during excision repair {#s0003-0005}
--------------------------------------------

It is unclear whether the cell cycle checkpoint response is activated by the lesions themselves or by excision-based repair processes, particularly at the G2/M transition. If a cell enters mitosis with a single unrepaired DSB, all DNA from the breakpoint to the telomere is lost. However, the physiological consequence of entering mitosis with lesions that are removed by excision is not obvious. Both the doses and wavelengths of UV light used commonly for cell-based experiments are supraphysiological, and can induce other lesions including strand breaks and protein--DNA crosslinks. In considering NER repair of UV-damaged DNA, there is evidence from XP patient cell lines that the repair machinery is required for checkpoint activation during G1 and G2.[@cit0019] However, conflicting evidence from another paper shows that, of the XP factors, only XPA is required for checkpoint activation, suggesting that processing does not contribute.[@cit0020] Additionally, it was shown that checkpoint activation does not occur from UV-induced lesions until they cause replication stress in S phase.[@cit0021] Indeed, at low doses of UV-C irradiation, *Schizosaccharomyces pombe* cells progress through the entire cell cycle and arrest only after the subsequent S phase in a Chk1-dependent manner, implying that checkpoint activation does not occur directly from the lesion, but from indirect effects during DNA replication.[@cit0022]

Recombination-Based Pathways {#s0004}
============================

Double-strand breaks {#s0004-0001}
--------------------

Double-strand breaks (DSBs) are the most catastrophic of DNA lesions. Inefficient repair of DSBs can lead to loss of large amounts of genetic material and may result in cell death or cellular transformation. DSBs can be induced directly by intrinsic reactive oxygen species, or by radio- or chemotherapy. Alternatively, they can arise indirectly by replication across single-strand breaks, such as those that result from type I topoisomerase dysfunction or inhibition. As mentioned above, prior to DNA replication, DSBs are repaired by the NHEJ pathway, in which the free ends are ligated. After replication, however, the sister chromatid can be used for homologous recombination (HR) repair.

DSBs prior to DNA replication {#s0004-0002}
-----------------------------

Recognition of DSBs occurs via proteins that bind free DNA ends. In the NHEJ pathway, the Ku70/80 complex binds DSB ends.[@cit0023] This leads to recruitment of the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs), which with Ku70/Ku80 composes the DNA-PK complex. DNA-PK is a phosphoinositde-3-kinase--related kinase (PIKK), and is related to the ataxia telangiectasia mutated (ATM) and AT and Rad3-related (ATR) kinases. DNA-PKcs phosphorylates several proteins involved in NHEJ, including itself. These autophosphorylations are thought to modulate access to the DNA ends so that ligatable ends are created but extensive end resection does not occur.[@cit0024] XRCC4/LigIV is then recruited to promote ligation of the DNA ends. [ ](#t0001){ref-type="table"} Table 1.Examples of human syndromes associated with early defects in the DNA damage responsePathwayGenes mutatedDiseaseReferencesMMRMLH1, MSH2, MSH6, PMS2Lynch syndrome[@cit0007]NERCSA, CSB, XPB, XPD, XPG\
XPA, XPB, XPC, XPD, XPE, XPF, XPGCockayne syndrome\
Xeroderma pigmentosum[@cit0016]DSB repairATM\
MRE11\
NBS1Ataxia telangiectasia\
Ataxia telangiectasia-like disorder\
Nijmegen breakage syndrome[@cit0034]Replication stressATRSeckel syndrome[@cit0033]ICL repairFANCA, FANCB, FANCC, FANCD1, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ, FANCL, FANCM, FANCN, FANCO, FANCP, FANCQFanconi anemia[@cit0060]Ribonucleotide removalRNASEH2Aicardi-Goutiéres syndrome[@cit0058][^1]

DSBs after DNA replication {#s0004-0003}
--------------------------

In the homologous recombination (HR) pathway, the MRE11/RAD50/NBS1 (MRN) complex binds the DNA ends; this process is promoted by poly(ADP-ribose) polymerase 1 (PARP1), which synthesizes poly(ADP-ribose) chains on nearby chromatin proteins.[@cit0025] The MRN complex contains 3′5′ exonucleolytic activity that promotes limited resection of the DNA ends. In *Saccharomyces cerevisiae*, it has been shown that Mre11 and Sae2, the yeast homolog of the human protein CtIP, promote initial resection of DSBs. This is followed by more extensive resection carried out by the 5′3′ exonuclease EXO1.[@cit0026] EXO1 belongs to the XPG-related family of 5′3′ endo/exonucleases, which also contains FEN1 and ASTE1. EXO1 and FEN1 have both been shown to be involved in DSB resection, as has the *S. pombe* homolog of ASTE1, Ast1.[@cit0027] Note that *S. cerevisiae*, historically the primary model for DSB repair, does not have an ASTE1 homolog. The extensive resection effected by these nucleases creates ssDNA with a 3′-overhang that allows the assembly of checkpoint signaling proteins and the initiation of homology-based repair.

The ssDNA generated by resection is bound by replication protein A (RPA). This RPA-ssDNA acts as a platform for the recruitment of 2 checkpoint complexes. In the first, ATR is recruited to RPA-coated ssDNA by its binding partner, ATR-interacting protein (ATRIP). The other complex is the Rad9--Rad1--Hus1 (9--1--1) complex, which is a PCNA-like ring that is loaded by a complex containing Rad17 and RFC2--5. ATR-dependent phosphorylation of ATRIP, the 9--1--1 complex, and RPA leads to the recruitment of mediators, which in turn recruit the checkpoint kinase Chk1. Chk1 undergoes ATR-dependent phosphorylation and activation and phosphorylates Wee1 and Cdc25, which regulate Cdc2.[@cit0028] In addition, an alternative mode of ATR activation was recently reported to involve the Nbs1-dependent recruitment of ATR to RPA--ssDNA followed by RPA phosphorylation; this mode was found to be required for the repair of replication-associated DSBs.[@cit0029]

Although the pathway leading to Chk1 activation is relatively well defined, how the pathway is initiated from the original lesion is not as clear. It has been established that RPA-coated ssDNA is essential for ATR/ATRIP recruitment and Chk1 activation[@cit0030], but studies have shown that this structure by itself is unable to activate Chk1. These papers showed that both a 5′ primer-template junction and the initiation of DNA replication are required for Chk1 activation.[@cit0004] How this structure is generated in certain circumstances, such as DSB repair, is relatively well understood as 5′3′ resection produces both ssDNA and the free 5′ end at the primer-template junction, but it is not as clear in other circumstances, such as during replication stress (see below). In these cases, it is likely that processing of the lesion is needed to produce the required structures.

There is competition between the systems that effect NHEJ and HR. It has been suggested that each is controlled by a pair of proteins; p53-binding protein 1 (53BP1) and its associated proteins rap1-interacting factor 1 (RIF1) and pax transactivation domain-interacting protein (PTIP) have been shown to promote NHEJ, whereas BRCA1 and CtIP have been shown to promote HR. Furthermore, these complexes are thought to antagonize each other, and the balance is regulated in a cell cycle-dependent manner, such that NHEJ predominates during G1, and HR predominates during S/G2.[@cit0032]

Defects in the initiation of the DSB response in tissues that have a high proliferative burden and are highly metabolically active can lead to disease. Mutation in ATR leads to Seckel syndrome, which is characterized by microcephaly and developmental delay.^33^ Mutation in ATM results in ataxia telangiectasia, which manifests as premature aging, neurological dysfunction, abnormal blood vessel formation, immunodeficiency, and increased cancer risk. Ataxia telangiectasia-like disorder is caused by MRE11 mutations and manifests with ataxia, but only mild immune abnormalities and no telangiectasia. Nijmegen breakage syndrome (NBS) is caused by mutation in the MRN complex member NBS1, which is involved in the early stages of DSB repair. It is characterized by microcephaly, immunodeficiency, abnormal sexual development, and increased risk of cancer.[@cit0034]

Replication stress {#s0004-0004}
------------------

Faithful replication and division of the genetic material requires that the DNA be replicated once and only once. Failure to do so results in changes in copy number and can lead to cellular death or transformation.

Throughout S phase several endogenous and exogenous factors can interfere with the coordinated completion of DNA replication, resulting in replication stress. The definition of replication stress and what constitutes it, however, is rapidly evolving. Causes may include DNA lesions, nicks, and gaps that result from repair and other processes of DNA metabolism, ribonucleotides that are erroneously incorporated into the DNA, particular DNA sequences that are intrinsically difficult to replicate, and collisions with the transcriptional machinery.[@cit0035] In addition, replication stress can occur as a result of dysregulated cell cycle signaling or as a result of chemotherapy, which can result in dysregulated supply of deoxyribonucleotides, origins, histones, and other requirements for DNA replication. Indeed, it is thought that replication stress is an early event in cellular transformation.[@cit0034]

Barriers to replication can be generally categorized as unprogrammed and programmed. Unprogrammed barriers occur randomly and include DNA damage lesions and breaks in the sugar-phosphate backbone. Programmed barriers, on the other hand, are barriers that are meant to impede the progression of DNA polymerase in every cell cycle and are typically thought to restrict the direction of replication through a region, such as in the rDNA where transcriptional activity is high and DNA polymerase is allowed to progress only in the same direction as the transcriptional machinery.

Upon stalling at a barrier the fork may collapse, whereby the components of the replisome dissociate from the DNA. This collapsed fork structure cannot be used directly to restart replication, and replication must be restarted using the recombination machinery.[@cit0039] Cells respond to this replication stress by initiating a checkpoint cascade that regulates replication dynamics and arrests the cell cycle.[@cit0041]

The replisome includes a large complex called the fork protection complex (FPC), which in humans includes the subunits CLASPIN, TIMELESS, and TIPIN. One of the functions of the FPC is to mediate stalling and stabilization of the stalled replisome. Mrc1, the potential fission yeast homolog of human CLASPIN, mediates stalling in response to unprogrammed barriers, such as bulky DNA lesions and nucleotide depletion.[@cit0042] The human proteins TIMELESS and TIPIN mediate stalling at both unprogrammed sites and programmed sites.[@cit0043]

Upon fork stalling at sites of DNA damage, the helicase uncouples from the polymerase, creating a significant amount of ssDNA that becomes coated by RPA. This RPA--ssDNA is thought to lead to the recruitment of ATR/ATRIP and contribute to activation of the Chk1 cascade, thereby leading to cell cycle arrest and the stabilization of replication forks.[@cit0042] As discussed above, activation of the ATR--Chk1 pathway also requires a 5′ primer-template junction; however, the source of this structure during replication stress is unclear. It is possible that it is supplied by the nearest Okazaki fragment or that processing is required to produce a primer-template junction elsewhere. As discussed above, an alternative NBS1-dependent mode of ATR activation that is reported not to require the 5′ primer-template junction and that results in the phosphorylation of RPA rather than CHK1 was recently shown to be involved in the response to replication fork collapse.[@cit0028]

In addition to the ATR response, at unprogrammed sites of stalling *S. pombe* Mrc1 transmits a signal to Cds1, the *S. pombe* homolog of the checkpoint protein CHK2.[@cit0044] Cds1 contributes locally to replication fork stabilization and globally to cell cycle arrest.

Telomere stress {#s0004-0005}
---------------

During replication of linear DNA, the ends of the DNA shorten with each round of replication. The genetic material is protected from degradation by repetitive DNA sequences located at the ends of the DNA called telomeres. When the telomeres reach a critically short length the cells enter senescence and stop dividing, which is thought to underlie physiological aging. They can escape this senescence, however, by reactivating telomerase, the enzyme that lengthens telomeres, a process that is associated with cellular transformation. Because the ends of linear chromosomes represent DSBs, telomeres are susceptible to resection and recombination. To prevent this, they are bound by an elaborate structure of proteins called the shelterin complex that protects the ends and suppresses recombination and checkpoint signaling.[@cit0045]

DNA damage lesions within the telomeres have recently been shown to be refractory to repair and to elicit a persistent DNA damage response.[@cit0046] In addition, during cellular senescence from a variety of stimuli, telomeres are a center for the assembly of DNA damage response complexes that arrest the cell cycle.[@cit0047]

Additionally, telomere stress resulting from shortening of the telomeres leads to loss of the shelterin complex and activation of the damage response. Shortening of the telomeres is associated with aging, and is simulated experimentally by inhibition of telomerase. Uncapping is also studied directly by disruption of the shelterin complex. Indeed, loss of shelterin complex members results in the activation of ATM and the formation of telomere dysfunction-induced foci (TIFs), which contain γ-H2AX, the MRN complex, 53BP1--RIF1, and phosphorylated ATM and ATR.[@cit0048] The recruitment of 53BP1--RIF1 after uncapping by loss of the shelterin member TRF2 inhibits resection and promotes NHEJ.[@cit0049] In *S. cerevisiae*, checkpoint activation upon telomere uncapping also contributes to telomere stability by inhibiting Exo1-mediated resection.[@cit0050]

Although the response to uncapping of the telomeres stimulates ATM, it is not the same as the genomic damage response. Loss of telomere protection results in ATM activation, but does not lead to Chk2 activation. Therefore, cells with uncapped telomeres proceed through G2 and M and into G1, where p53, which is upregulated by ATM, halts the cell cycle.[@cit0051]

In *S. cerevisiae*, checkpoint activation when telomere stress is induced by inhibition of telomerase activity requires Mrc1, a protein involved in the response to replication block, suggesting that this response is dependent on replication of the DNA through telomeres.[@cit0052] In contrast, when telomeres are uncapped Mrc1 does not contribute to checkpoint activation, but protects telomeres from resection by the exonuclease Exo1.[@cit0053]

However, not all proliferating cells are telomerase-positive. Indeed, 15% of cancers maintain their telomeres through a process called alternative lengthening of telomeres (ALT). This is thought to involve homologous recombination between telomeres, although the mechanism is currently unclear.[@cit0054]

Incorporation of RNA into DNA {#s0004-0006}
-----------------------------

The integrity of DNA depends on incorporation of the correct DNA bases opposite the template. Ribonucleotides, however, are incorporated by replicative polymerases with low frequency. These are removed by RNase H2, the RNase that removes primers during Okazaki fragment processing.[@cit0055] Loss of RNase H2 results in deletions that result from nucleotide slippage as a result of nicking of the DNA by topoisomerase 1 followed by aberrant religation. In the absence of RNase H2, the helicase Srs2 and the nuclease Exo1 act to remove the Top1-nicked strand.[@cit0056]

RNase HII deficiency is one cause of Aicardi-Goutiéres syndrome, a condition similar to systemic lupus erythematosus in which there is inflammation throughout the body and particularly in the nervous system.[@cit0057] Immune activation may be due to the production of novel antigens that result from mutation.[@cit0058]

Interstrand crosslinks {#s0004-0007}
----------------------

Interstrand crosslinks (ICLs) are covalent linkages of the 2 DNA strands and are produced by common chemotherapeutics such as platinum compounds. The DNA at these locations cannot be melted and therefore cannot be passed by polymerases. Because of this, ICLs threaten both DNA replication and transcription.

ICLs are repaired by proteins from several of the pathways described above. Proteins implicated in the recognition of ICLs include XPC, the TC-NER machinery, and MutS homologues, but the molecular mechanism by which this occurs is unclear as the structural defect recognized by these proteins in the case of ICLs is not apparent.[@cit0059] Subsequent steps of repair involve the excision and flipping out of a segment of DNA surrounding the lesion on one strand followed by the synthesis of new DNA, which in turn is followed by the excision and resynthesis of the other strand. In G1 and early S phase, this synthesis is carried out by translesion bypass polymerases, whereas in late-S and G2 phase it can occur by homologous recombination.

During S phase, an alternative mode of ICL repair can be carried out by a group of genes that are mutated in Fanconi anemia, a disease characterized by sensitivity to crosslinking agents, hematological failure, and malignancy.^60^ A large complex of FANC proteins (A, B, C, E, F, G, L) is recruited by FANCM,[@cit0061] a protein that is known to bind branched DNA structures such as stalled replication forks.[@cit0062] The complex then monoubiquitinates the FANCD2/FANCI complex, which recruits several other factors, including other FANC proteins, nucleases, translesion polymerases, and homologous recombination proteins that in turn contribute to excision of the lesion and the synthesis of new DNA.[@cit0063]

The ATR response is activated by ICLs via the FA machinery, although this process does not require certain mediators of the "canonical" ATR activation pathway.[@cit0064] In addition, ATR-mediated phosphorylation of FANC proteins is involved in ICL repair itself.[@cit0063] ICLs do not initiate the replication checkpoint via the FPC, however, because both the helicase and the polymerase are halted, therefore uncoupling does not occur.[@cit0042]

Summary {#s0005}
=======

Given the wide variety of DNA damage lesions, it is not surprising that many mechanisms are involved in their detection and in the initiation of the DNA damage response. We have attempted to review those mechanisms here. The level of complexity and overlap between these pathways, however, is greater than we have been able to address, and is also a major reason why certain details remain unclear.

Future Work {#s0006}
===========

There are still many gaps in our knowledge of the initiation of the DNA damage response, particularly for recombination-based processes. It is likely that lesions are processed in complex and parallel pathways that give rise to structures that are used for both repair and checkpoint activation.

One outstanding question concerns the spatiotemporal regulation of repair processes. There must be interaction between repair initiation and the cell cycle, as the impact of a lesion depends on the phase of the cell cycle, and the phase of the cell cycle, in turn, impacts on whether and how a lesion will be repaired. In addition to this temporal restriction, repair may be restricted to certain areas of the nucleus. Studies applying conformation capture techniques to DNA damage response factors will be challenging, but may be useful in elucidating details of the processes described here.

Furthermore, the interactions between the repair and checkpoint pathways are unclear, particularly with regard to their individual requirements for activation and cessation. Understanding these processes will enable us to better understand genome stability and to design better therapeutics for cancer and other aging-related diseases.
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